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A COVBI NATION OF EARTH ORI ENTATI ON DATA: SPACE93
R S. Goss

Jet Propul sion Laboratory, California Institute of Technol ogy,
Pasadena, CA 91109-8099, USA

A conbi nation of independently-determned Earth orientation
data has been generated from space-geodetic observations spanning
1.976-2.993. The approach taken is based upon a Kalman filter that
was devel oped at the Jet Propul sion Laboratory (JPL) for just such
a purpose (Eubanks 1988; Mrabito et al. 1988) . The Kalman filter
1s a sequential estimation technique that conbines observations of
the Earth’s orientation in a rigorously self-consistent manner
produci ng snoothed, interpolated estimates of UTl1 and the x- and
y-conponents of polar motion (PMX and PMY, respectively)

Informati on about the data that have been conbined is given
in Table 1. Al publicly available, independent determ nations of
the Earth’s orientation by the nodern, space—geodetic techniques

of very long baseline interferometry (VLBI) , satellite [aser
ranging (SLR), lunar laser ranging (LLR), and the global
positioning system (GPS) have been used. Since it was desirable

to conbine only independent determinations of the Earth's
orientation, only one LLR data set was used, nanely, t hat

determined at JPL (Newhall et al., 1993), and only one SLR data
set was used, nanely, that determ ned at the University of Texas
Center for Space Research (UTCSR; Eanes and Watkins, 1993) . Not e

that the SLR UT1 results were not used in generating SPACE93 due
to problens associated with separating this conponent of the
Earth’s orientation from the effects of unnodel ed forces acting on
the satellite <causing the node of its orbit. to drift. Two
different data sets derived from GPS neasurenents were used: (1)
that determned at the Scripps Institution of Cceanography from
dai |l y measurenments spanni ng August 25, 1991 to June 20, 1992 (Bock
et al., 1993); and (2) that determned at the Jet Propulsion
Laboratory from daily neasurenents spanning June 21, 1992 to
January 9, 1994 (Zumberge et al., 1993). Note that in both cases
only the polar notion results determned fromthe GPS neasurenents
were used in generating SPACE93. Three different data sets
derived from independent VLBI neasurenents were wused: (1) the
approxi mately tw ce-a-week single baseline nmeasurenents made using
the radio tel escopes of NASA's Deep Space Network (DSN; Steppe et
al., 1993) ; (2) the neasurenents nade under the auspices of the
International Radio Interferonetric Surveying (IR'S) subcomm ssion
and analyzed at NOAA's Laboratory for Geosciences (IRS Earth
Orientation Bulletin No. 120, February, 1994; note that for
reasons given below only the IR'S Intensive UT1 results were
used) ; and (3) the UTPM determ nations nmade by the VLBl group of
the NASA Crustal Dynam cs Project (¢bp) at Goddard Space Flight
Center (GSFC) from both their own CDP VLBI neasurenents and from
their reduction of the IRIS and United States Naval Observatory
(USNO multibaseline neasurenents (M, private conmunication,

!
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1993) . Since the CDP data, set used here includes UTPM val ues
determ ned from the multibaseline neasurenents taken by both IR'S
and the USNO no separate IRIS multibaseline or USNO data sets
were used in generating SPACE93.

Before conbining the series, the effect of the solid Earth
tides upon UTl was renoved by using the nodel of Yoder et al.
(1.981) . Also, the nodel of Dickman (1.993) was used to renove the
effect upon UT1 of the ocean tides at the M, M’, Mm, and Ssa
tidal frequencies [the Dickman (1993) oceanic corrections to the
Yoder et al. (1981) results were actually renmoved]. Finally, the
enpirical nodel of Herring (1992) was used to renove the effect of
the sem -diurnal and diurnal ocean tides from the IR'S Intensive
UT1 values since these tidal terns had been added back and were

included in the released IRIS Intensive UT1 values. No subdaily
ocean tidal terns were renoved from any of the other series used
in generating sPAaceE93 since none of the other series listed in

Table 1 had these terns added back to them (the particular CDP
series used in generating space93 was a special solution in which
the subdaily tidal ternms had not been added back and were
therefore not included in the final UTPM values; M, private
comuni cation, 1993).

Prior to conbining the data, series-specific corrections were
applied for bias and rate, and the stated wuncertainties were
adjusted by nultiplying them by series-specific scale factors.
Values for these bias-rate corrections and uncertainty scale
factors were determined in an iterative, round-robin type approach
wherein each data set was conpared to a conbination of all other
data sets (except for the two GPS series which were treated
separately as described below . First, a reference series
(SPACE92; Gross, 1993) was used to initially correct the bias and
rate of each individual series so that it agrees (in bias and
rate) with the reference series. This was done for the sole
purpose of initially aligning the series with each other in an
attenpt to reduce the required nunber of round-robin iterations.
The stated uncertainties of the series were not adjusted at this
time. Any inconsistencies introduced by using a reference series
for this initial bias-rate alignnment should be renoved during the
subsequent iterative, round-robin procedure.

After initial bias-rate alignnent, the round-robin procedure
was perforned wherein the bias and rate of each individual series
was Iteratively adjusted so as to be in agreenent with the bias
and rate exhibited by a conbination of all the other series, wth
rate adjustnents being determined only for those series whose
overlap with all the other series was great enough that reliable
rate determ nations could be made. The stated uncertainty of each
series was adjusted by applying a nmultiplicative factor that nade
the residual of that data, when difference with a conbination of
all other data, have a reduced chi-sguare of one. Note that the
formal error associated with the residual in calculating the
reduced chi-square accounts for the error of interpolation between
the time of the residual and the times of other data points by
using the stochastic nodel of the UTPM process contained in the
Kalman filter. The increnmental bias-rate corrections and
uncertainty scale factors thus determned for each of the
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individual series were then applied to the series and the process
repeated until convergence was achieved (convergence being

indicated by the increnental bias-rate corrections approaching
zero, and the increnmental uncertainty scale factors approaching

one) . At the conpletion of this iterative, round-robin process,
relative bias-rate corrections will have been determ ned that nake
the data sets agree with each other in bias and rate, and
uncertainty scale factors will have been determ ned that nake the

residual of each data set (when difference with a conbination of
all others) have a reduced chi-square of one.

Wen performng this iterative, round-robin procedure to
determne bias-rate corrections and uncertainty scale factors,
each data type is analyzed (and results reported) in the natural
reference frame for that data type. For single baseline VLBI
measurenents this is the transverse (T, vertical (V) frane
(Eubanks and Steppe 1.988); for single station LLR neasurenents
this is the variation of l|atitude (LAT), UTO frame; and for GPS,
SLR and multibaseline VLBl neasurenents this is the usual UTPM
(pMX, PWY, uTl) frame.

For the purpose of determning bias-rate corrections and
uncertainty scale factors, the LLR observing stations at MDonal d
were clustered, so that a comon bias-rate correction and
uncertainty scale factor was determned for all the MDonald LLR
series. This was done so that rate adjustnments could be nade to
t hese series. There is not enough overlap wth the other,
i ndependent Earth orientation series to allow a reliable rate
correction to be determned for any individual MDonald station-
derived LLR series. Thus , W thout clustering the MDonald
stations, it would only be possible to nake bias corrections to
the MDonald LLR series, wth consequent deleterious effects on
the rate of the utl values prior to about 1982 in the final,
conbi ned seri es. Simlarly, the individual DSN radio telescopes
in California were” clustered, as were those in Spain and,
separately, in Australia, so that a common bias-rate correction
and uncertainty scale factor was determined for all the
California-Spain single baseline Earth orientation series, as well
as for all the California-Australia series.

During the iterative, round-robin procedure, outlying data

points were deleted. Before deleting any data points, a few
round-robin iterations were conpleted in order to converge on
initial values for the uncertainty scale factors. Duri ng

subsequent iterations, those data points within a given series
were del eted whose residual values were greater than three tines
their adjusted uncertainties, where the residual values were those
resulting from fitting a bias and rate to the difference of that

series wth a conbination of all other series. During the final
round-robin iteration, no series contained data points whose
residual values were greater than three sigma. A total of 167

data points, or about two percent of the available data points,
were thus deleted fromall the series.

Bias corrections and uncertainty scale factors were
determned for each of the two GPS series by separately conparing
them to a conbination of all other, independent series after the
other series had had the bias-rate corrections and uncertainty
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scale factors applied to them that had been previously determ ned
for them as described above. Only bias corrections were
determned and applied to the GPS series since their individual
overlap with the other, independent series was not great enough to
allow reliable rate corrections to be determ ned. During this
conparison, outlying data points (i.e., those whose residual
val ues were greater than three times their adjusted uncertainties)
were al so del et ed.

Finally, each data set was placed within an |IERS reference
frame by applying to it an additional bias-rate correction that is
conmon to all the data sets. This additional correction was
determined by first conmbining all the data (including the two GPS
series, and after applying to all the data the relative bias-rate
corrections and uncertainty scale factors determ ned above) . Thi s
internmedi ate conbi nation was then conmpared to the |IERS conbination
EOP(IERS) 90 C 04 (e.g., 1992 IERS Annual Report) for the years
1.984-1993 in order to obtain the additional bias-rate correction
required to make it (and therefore each individual data set? agree
in bias and rate with the IERS conbination. This additional bias-
rate correction was then applied to each data set along with the
relative bias-rate corrections in order to nake the data sets
agree with each other and be in that IERS reference frane defined
by the Earth orientation series EOP(IERS) 90 C 04.

The total bias-rate correction (the sum of the relative and
IERS corrections) that has been determned for each data set is
given in Table 2. Except for the two GPS series (see below) , the
values for the bias-rate corrections given in Table 2 are the sum
of all the incremental. corrections, the corrections applied to
initially align the series with each other, and the additional.,
common correction applied in order to place each series within the
| ERS reference frane. The values for the wuncertainty scale
factors given in Table 2 are the products of all the incremental
scale factors determined during the iterative, round-robin
pr ocedur e. The errors in the bias-rate corrections (given in
parentheses in Table 2) are the fornmal errors in the determnation
of the increnmental bias-rate corrections during the last iteration
of the iterative, round-robin procedure. There are no bias-rate
entries in Table 2 for conponents that were either not used (e.g.,

the SLR UT1 conponent), or not available (e.g. , the IRIS Intensive
PMX and PMY conponents) . Note that the sane IERS rate correction
is applied to all the data sets, including those (such as the GPS

series) for which no relative rate correction could be determn ned.
Therefore, the rate correction given in Table 2 for those data
sets for which no relative rate correction could be determned is
sinmply the IERS rate correction, but given, of course, in the
natural reference frane for that data set. In these cases, no
errors for the rate corrections are given.

Since the GPS series were not included in the iterative,
round-robin procedure, the bias-rate corrections given in Table 2
for them are just the sum of the relative corrections that were
separately determned for them (see above) and the additional,
common correction needed to place them within the |IERS reference
frame. The errors in the bias corrections given in Table 2 for
the GPS series (shown in parentheses in Table 2) are the fornal
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errors in determning the relative corrections. The wuncertainty
scale factors given in Table 2 for the GPS series are just the
scale factors determined for them as described above when
separately conparing them to conbinations of all the other,
i ndependent series.

Note that the entries in Table 2 should not be used as a
measure of the relative accuracy of the Earth orientation series.
No attenpt was nade to place the series within a conmon reference
frame prior to determning bias-rate corrections for them Thu s,
the values for the bias-rate corrections given in Table 2 include
the effects upon the Earth orientation series of reference frane
di ff erences.

The final UTPM conbi nation was generated by conbining all of
the data (including the GPS results) after adjusting their biases,
rates, and uncertainties by the anpbunts given in Table 2. Thi's
final conbination, spanning May 20.0, 1976 to January 9.0, 1994,
is designated SPACE93 and is given in Table 3 as daily values at
m dni ght of PMX, PMy, utrl-urc, their formal errors (1 sigma) , and
correlations . The nodel of Yoder et al. (1981) was used to add
back the effect of the solid Earth tides upon UT1 (the full
anplitude of the tidal effect at the epoch of the tinme tag was
added back) . Simlarly, the nodel of D ckman (1993) was used to
add back the ocean tidal corrections to the Yoder et al.. (1981)
nodel values at the M, M’ , Mn and Ssa tidal frequencies.
However, no diurnal or sem-diurnal ocean tidal ternms were added
back. The three correlations given at each tine tag are the
correlations between the UTPM values at that tine tag.
| nprovenents to the observing systems (both in the hardware and
software, and in the nunber of systens) have led to nore precise
determ nations of the Earth's orientation. This inprovenment is
reflected in SPACE93 by the reduction of the UIPM formal errors
fromabout 2 mas in polar notion and 0.5 nms in UT1l during the late
1.970's to their current values of about 0.2 mas in polar notion
and 0.02 ns in UTL.
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TABLE 1. DATA COVBI NED

DATA SET DATA ANALYSI S DATA NUMBER
NAVE TYPE CENTER SPAN PO NTS

LLR (JPL93MO1; VAR LAT, UTO

McDonal d d uster LLR JPL 22NVAY76- 14JAN93 390

CERGA LLR JPL 07APR84- 14FEB93 373

Haleakala LLR JJ2L 10FEB85- 11AUR O 68
UTCSR (CSR93LO01; PMX, PMY)

LAGECS SLR UTCSR 19MAY76- 04FEB93 1797
DSN (JPL93RO1; T, V)

CA- Spain O uster VLBI JPL 26NOV79- 08JAN94 489

CA- Australia duster VLBI JPL 280CT78- 05JAN94 495
CDP (GLRBRS%22)

Mul ti basel i ne VLBI GSFC 04AUG79- 29DEC93 1550

Westford-rt. Davi s VLBI GSFC 25JUNB1- 01JAN84 103

Westford-Mojave VLBI GSFC 21MAR85- 06 AUR0 18

| RIS (UT1MC19JANS4; UT1)
| nt ensi ve VLBl  NOAA  02APR84- 09JAN94 2153

GPS (SI093P01; PMX, PMY)
Scri pps GPS S10 25AU1- 20JUN92 286

GPS (JPL92P02; PMX, PMY)
JPL FLINN Anal ysis GPS  JPL  21JuN92- 09JAN94 521
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TABLE 2. ADJUSTMENTS TO DATA SETS
DATA SET Bl AS RATE UNCERTAI NTY
NANVE (mas) (mas/yr) SCALE FACTOR
LLR (JPL93MO1) LAT uro LAT utro LAT uro
McDonal d Cl uster 1..270 1.703 -0.676 -0.225 1.006 1.141
(0.350  (0.327) (0.079) (0. 086)
CERGA -0. 289 1.635 0.075 -0.174 1.253 1.120
(0.211  (0.118) (0.058) (0.036
Haleakala 1. 346 1.042 -0.219 -0.214 1.099 1.153
(0.331) (0. 253) (0.219) (0.175
DSN (JPL93R0O1) T \Y T \Y T Y
CA--Spain Custer 0.626 -1.067 -0.038 -0.184 1.195 1.099
(0.077) (0. 180) (0.019) (0. 045
CA-Australia Custer -0.561 1. 600 -0.192 0.076 1.23.3 1.115
(0.053) (0. 155) (0.014) (0.040)
CDP (GLB922) T \Y T \Y T Y
Westford-Ft. Davis 2.746 -2.589 0.587 -0.192 0.812 0.900
(1.912) (3.285) (0.386) (0. 656)
Westford-Mojave -0.659 -1.094 0.007 -0.016 1.746 0.970
(0.214) (0. 385)
CDP (GLB922) PMX PWY url PMX PMY url PMX PMY uTl
Multi 0.155 -1..739 -1.62.7 -0.129 -0.049 -0.057 1.438 1.432 1..461
(0.028) (0.025) (0.032 (0.008) (0.007) (O.009)
UTCSR (93L01) PMX PMY uTl PMX PMY url PMX PMY uri
LAGEOS 0.021 0. 030 --- -0.032 -0.162 - 0.864 0.825 ---
(0.024) (0.021) (0.009) (0.008)
IRI'S (190AN94) PMX PMY uTl PMX PMY url PMX PMY uri
Intensive --- T 1. 907 T - 0.012 --- --- 1.160
(0. 027) 0. 008)
GPS (S1093P01) PMX PMY uTl PMX PMY url PMX PMY uri
Scri pps -1.003 -1.736 --- 0.017 0. 026 - 1.463 1.403 ---
(0.036) (0.038)
GPS (JPL92P02) PMX PMY uTl PMX PMY ur 1 PMX PMY uri
JPL FLINN -0.717 ~-1.578 --- 0.017 0. 026 - 2.006 1.649 ---
(0.028) (0.021)
REFERENCE DATE FOR RATE ADJUSTMENT |S 1988.0
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JPL Kalman Earth Orientation Results
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TABLE 3.
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SIGY SIGU

(arc see) (see)

0. 0073455 0.0010702
0. 0069438 0.0009691
0. 0065862 0.0008892
0. 0062703 0.0008322
0. 0059920 0.0007968
0. 0057463 0.0007782
0. 0055278 0.0007709
0. 0053314 0.0007696
0. 0051523 0. 0007699
0. 0049865 0.0007684
0. 0048306 0.0007627
0. 0046814 0.0007511
0. 0045361 0.0007329
0. 0043928 0.0007078
0. 0042512 0.0006759
0.0041118 0. 0006381
0.0039768 0.0005956
0.0038496 0. 0005502
0. 0037350 0.0005049
0. 0036387 0.0004634
0. 0035668 0.0004304
0. 0035248 0.0004109
0.0035151 0. 0004067
0. 0035347 0.0004143
0. 0035784 0.0004288
0. 0036409 0.0004463
0.0037177 0.0004647
0. 0038050 0.0004835
0, 0039001 0. 0005036
0.0040011 0. 0005268

shown

0. 0002064 0.0000324
0. 0002099 0.0000263
0.0001985 0.0000251
0.0001628 0.0000232
0.0001183 0. 0000100
0. 0001405 0.0000195
0.0001800 0.0000248
0.0001985 0.0000247
0. 0002084 0.0000248
0. 0002107 0.0000249
0.0001796 0.0000225
0.0001218 0.0000099
0.0001310 0.0000197
0.0001739 0.0000326
0.0002113 0.0000438
0. 0002199 0.0000391
0.0001992 0.0000328
0. 0001663 0.0000336
0.0001275 0.0000130
0. 0001423 0.0000330
0. 0001795 0.0000642
0.0001941 0.0000777
0.0001926 0.0000714
0.0001817 0.0000509
0. 0001695 0.0000413
0. 0001579 0.0000516
0. 0001548 0.0000535
0.0001617 0.0000414
0. 0001653 0.0000238
0.0001661 0.0000228
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000CP00000POeCOC000P0 000000000

SPACE93
COR YU

Series Designator:
COR XY COR XU
0 0.1000 0.1778 0.
0 0.1108 0.1954 O
0 0.1220 0.2107 O.
0 0.1334 0.2214 O
0 0.1448 0.2263 O
0 0.1563 0.2260 O
0 0.1677 0.2224 0.
0 0.1792 0.2177 O
0 0.1907 0.2134 O.
0 0.2022 10.2110 O
0 0.2136 0.2111 O.
0 0.2249 0.2145 O
0 0.2363 0.2215 O
0 0.2478 0.2324 0.
0 0.2596 0.2478 0.
0 0.2715 0.2680 O.
0 0.2833 0.2934 0
0 0.2947 0.3243 0
0 0.3049 0.3600 O
0 0.3133 0.3981 O
0 0.3190 0.4328 0.
0 0.3212 0.4553 0
0 0.3198 0.4597 O.
0 0.3156 0.4496 O.
0 0.3098 0.4324 0.
0 0.3036 0.4140 O.
0 0.2977 0.3971 O.
0 0.2928 0.3823 0
0 0.2892 0.3686 O
0 0.2870 0.3544 0
0 0.0700 -0.0016 O
0 0.0638 -0.0041 O
0 0.0496 -0.0049 O
0 0.0301 -0.0331 -0
0 0.0317 -0.3412 -0
0 0.0454 -0.1251 -0
0 0.0543 -0.0179 -0
0 0.0623 0.0000 O.
0 0.0596 -0.0002 O
0 0.0443 -0.0086 O
0 0.0290 -0.0441 O
0 0.0175 -0.3487 -0
0 -0.0303 -0.1051 -0
0 -0.0417 0.0037 -0.
0 -0.0203 0.0048 -0
0 -0.0018 -0,0068 O.
0 0.0039 -0.0304 oO.
0 -0.0085 -0.0606 -0
0 -0.0446 -0.2865 -0
0 -0.0420 -0.0890 -0
0 -0.0068 -0.0273 -0
0 0.0146 -0.0282 0
0 0.0301 -0.0608 O
0 0.0374 -0.1352 0
0 0.0254 -0.1398 0
0 -0.0133 -0.0120 O
0 -0. 0189 0.0308 O
0 0.0212 -0.0024 O
0 0.0469 -0.0639 0
0 0.0496 -0.0307 O

3781
4003
4148
4175
4068
3850
3562
3246
2934
2646
2392
2177
2002
1867
1772
1715
1697
1717
1773
1855
1942
2003
2022
2015
2001
1996
2000

. 2008
. 2008
. 1989

0000000000000 00000000D00O00O0OC OO0
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